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(57) Abstract 

A solid state baneiy comprising a substrate (1); at least one mttltflayered electrochemical cell deposited onto the substrate (t). the 
nuiltilayered electrocbemical cell comprising: a layer of negative electrode material (3) capable of electxocheraically adsorbing and desorbing 
ions during charge and discharge; a layer of positive electrode nuoerial (5) capable of electrochemically desorbing and adsorbing ions during 
charge and discharge; ard a layer of insul^ng/conducthig material (4) disposed between the layer of positive electrode material (5) and 
die hyer of negative electrxxie material (3), where die Iqyer of insulatiQg/conduamg material (4) is electricaDy insulating and capable of 
readily conducting or transporting ions from the layer of positive electrode material (5) to the layer of negative electrode material (3) while 
die battery is chaigmg and from die layer of negative electrode material (3) to the layer of positive dectrode material (5) while the battery 
is discharging; and an electrically conductive layer (6) deposited atop the last of die at least one multilayered electrodiemical cells, the 
electrically conductive layer (6) providing one battery tenninaL 
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A SOUD STATE BATTERY 
USING AN IONIC OR PROTONIC ELECTROLYTE 

FIELD OF THE INVENTION 

The present inventbn relates generally to soCid state ionic conductors and more 
specirically to electrically insulating ionic conductors useful as solid state electrolyte and thin- 
film all solid state batteries employing these ionic conductors. 

BACKGROUND OF THE INVENTION 

Rechargeable batteries are used in almost every aspect of daily life. A wide variety 
of industrial, commerdal and consumer applications exist. Larger capacity battery uses include 
such applicatbns as fork lifts, golf carts, uninterruptable power supplies for protection of 
electronic data storage, and even energy storage for power production facilities. When electric 
vehicles are manufactured in mass, demand for low weight, high charge capacity batteries will 
be greater than ever before. Indeed, to make mass use of electric vehicles economically 
feasible, very high specific capacity may be critically necessary. 

in electric vetiicles, weight is a significant factor. Because a large component of the 
total weight of the vehicle is the weight of the batteries, reducing the weight of the cells is a 
signifk^nt consideratton in designing batteries to power electric vehicles. 

The 1998 Califomia Clean Air Ad has posed an exceptk>nal challenge on t>attery 
scientists and engineers to devetop an improved battery that can support the commercialization 
of electric vehicles (EV). Needless to say, the law has rx>t changed the reality of battery 
technology. In over 100 years of rechargeable t)attery usage, two chemistries namely: Pb- 
PbOs (known as lead-acid battery) and Cd-NtOOH (known as Ni-Cd battery) have dominate 
with more than 90% of the market. Neither of the two are likely to fulfill the Utopian goals of 
powering an electric car that will match the range, economy, and perfomnance of an internal 
combustbn engine vehicle. Therefore, battery scientists and engineers are forced to study new 
battery chemistries. 

In addition to industrial, commercial and other large scale uses of batteries, there are 
literally thousands of consumer applicatnns of rechargeable batteries. A rechargeable 
electrochemical cell is ideally suited to serve as a portable power source due to its small size, 
light weight, high power capacity and long operating life. A rechargeable cell may operate as 
an "install and forget* power source. With the exception of periodic charging, such a 
rechargeable cell typk:ally perfomns without attention and rarely becomes the limiting factor in 
the life of the device it powers. 

Present rechargeable battery systems can be classified into two groups those 
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employing Uquid electrolytes and those employing solid electrolytes. Uquid electiolyte systems 
have been around for many decades and are the mosi weU known to the general pul>ii& 
Examples of iiqidd electrolyte rechargeatte battery systems Include lead-add. nickel cadnnium, 
arKl the more recent nickel-metal tydride systems. 

A more recent advancement Is the solid electrolyte rechargeable battery systems. The 
solid electrolyte devk:es have several distinct advantages over those based on fiquid 
electrolytes. These include (1) the capabflity of pressure-packaging or hard encapsulation to 
yield extremely rugged assemblies, (2) the extension of the operating temperature range since 
the freezir^ and/or bolling-off of the fiquld phase, which drastically affect the devtee 
performance when errptoying ik^uid electrolytes are no tonger a oonskjeration. (3) solid 
electrolyte devices are truly teak-proof, (4) they have long shelf Bfe due to the preventbn of the 
corrosion of electrodes and of loss of solvent by drying out whteh occur when using ik|uid 
electrolytes, (5) solid electrolytes pernitt mtoro-miniaturizatton. and (6) the do not require heavy, 
rigU battery cases whteh are essentially "aead weighr because they provide no addtttonal 
capacity to the battery but nnust be included in the total weight thereof. 

All of Xt)B above oonskleratlons have led to a growing use of sofk) electrolytes. Solid 
state batteries and timers are already available which emptoy the solid electrolyte as a 
cylindrical pellet with suitable electrodes on either side. However. tWs kind of geometry leads 
to somewhat poor soBd-soM contacts and these devices tend to have high internal resistances 
and polarization tesses. These problems have been overcome by the use of thin films as the 
electrolytes, since thin films deposited on top of each other have exceOent contacts and shouU 
also be able to withstand shocks, acoeleratton forces and spin rates wdthout undue damage. 

In forming such a battery system, a solid ten conductor (i.e. soOd electrolyte} 
for moving tens within the system is required. A solid electrolyte is classified by its type of 
nwvable ton, «jch as LT-conducllve sdte electrolyte. Agr-conductive solid electrolyte. 
Cu*-conduclive solid electrolyte. FT-conductive soBd electrolyte, etc. A solid electrochemteal 
element Is constituted by oombinino one of these soGd electrolytes with an appropriate 
elecmode material. Several sold electrolytes are known to exhibit good tonic ooncfojctivity, some 
of which exist in the form of thin films. Oxide ton conductors such as ziroortia are operated at 
high temperatures due to their low conductivity at anibient temperatures. Chtoride ten 
conductors such as PbCig and BaClg have sImUar temperature restricttens. Silver ton such as 
AgBr. AgCl, and Agl also show taw room temperature tonte conductivfty. 

Of the thin-film, solU state battery systems, lithium-polymer batteries have received the 
most wklespread interest. Reports in 1979 that lithiated poly-ethytene-oxide (PEO) possesses 
lithium ton conductivity raised the expectaltons for a solid state battery empte)qng PEO as solid 
electrolyte. Indeed, if PEO. or other polymers, were a true solid electrolyte with practical tonic 
conductivities and a cattonic transfer number of 1 , a stable interface with the lithium electrode 
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and good charging unifonnlty could be realized. The expectations, no doubt, were stimulated 
by the relative success of the tnje solid electrolyte *B" Alumina, in the Sodium Sulphur battery. 

More recently, several researchers proposed the use of "plasUdzed polymers" to 
enhance conductivity at room temperature. Although the term t>iastlcized pdymers" is the 
correct material science terminology lor the materials, they are in effect no different than a 
battery separator fiUed with organic solvent and electrolyte. In this case, we are back to liquid 
filled systems with all the old unsolved fundamental problems and several new ones. 

Solid electrolytes consist of sold atomic structures which selectively conduct a specific 
Ion through a network of sites in a two or three dimensional matrix. If the activatton energy for 
mobility is sufficiently tow, the so&d electrolyte can serve as both the separator and electrolyte 
In a battery. This can aQow one to fabricate an all solid state oeD. 

An important aspect of such electrolytes is that they selectively conduct only one type 
of ion. If that ion features reversible electrochemistry with both the positive and negative 
electrode of the battery, and if the solid electrolyte itself is inert to the electrodes, the cell win 
enjoy a unifonn and reversible electrochemistry with no composition change and no passivation 
or side reactions. 

While tme sold electrolyte lithium conductors would not exhibit the inherent problems 
of U-polymer systems described herein below, all polymer electrolytes reported to date are not 
tnje solid electrolytes. The conductivity occurs in an amorphous zone that conducts anions 
better than it conducts lithium ions (the transfer number of lithium Is less than 0.5). As such, 
ion concentrations in the electrode surface are variable and irreversible reactions between the 
anion and the lithium electrodes do occur. The combination of the two effects brings about 
partial passlvatbn of the lithium surface with non uniform dendritic plating on charge. 
Additionally, the conductivily of the polymer electrolyte is too low, typicaUy two to four orders 
of magnitude lower than that of aqueous electrolyte. Also, the electrode area required for a 
20 kwh battery is 42 m^ for Ni-Cd batteries and is 1610 for U-Polymer batteries. This data 
clearly conveys that in order to deliver acceptable power levels for EV applications, lithium 
polymer t>aneries will require nearly two orders of magnitude, larger electrode area per ampere 
hour than a higher power density Ni-Cd battery. Given that electrode processing is the most 
expensive component in batteiy production and that the cost of electrode processing is nearly 
linear with electrode area, the cost implicattons of the design are astonishing. 

in addition to cost, safety of Li batteries, particularly liquid electrolyte systems, is always 
a problem. The single most important reason rechargeable lithium t>atteries have not been 
successful in the market place is their poor safety record. Most research groups that have 
worked on recliargeable lithium cells have "personally exf^rlenced** explostons. and explosions 
have ocxuin-ed in the field. The problem can be diagnosed as follows: 1) lithajm plating is 
dendritic, 2) dendrites eventually short through the separator, 3) shorted cells heat up during 
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Charging. 4) shorted cells wiU go intoreversal during full battery dischaige. 5) low capacity cells 
wlU go Into reversal during luU battery discharge. 6) in reversal. iBhlum is Brely to plaie on the 
cathode which can cause direct chemical reaction between cathode material and Ihium. 7) 
pronsses 3 and 6 can generate enough heat to melt DtWum (165 Centigrade), and 8) molten 
lithium is an extremely strong reducing agent which wBI react with most organic and inorganic 
materials. An explosion could occur depending on: (a) the amount of lithium m the cel. (b) the 
surface to volume aspect ratio of the ceB. (c) the reactivity of the other ceU components to 
lithium, (d) the vapor pressure of the products, and (e) the vert design. 

Battery design should be ^med at minimizing the risic of lithium melt down. Given that 
it is extremely unlikely that lithium melt down can be completeiy avoided in mass usage of large 
rechargeable lithium batteries, it is essential to guarantee non explosion when the melt down 
does occur. Dry polymer electiolyte offers some improvement with regard to exposition when 
compared to high vapor pressure liquid electrolyte. However, that improvement Is counteracted 
by the need for a very thin separator. OveraB. the nkelihood of ensuring expk>sk>n free melt 
downs in large ceiis and batteries is dimireitive. 

Cells utDizing polymer electrolytes that contain organic solvents, are as likely to be 
explosive as cells with standard (polymeric) separator and Uquid electrolytes. In this case, 
depending on cell design, common experience places the expbsbn threshokl in the 05 to 5 
Ah size range: two orders of magnitude smaller than what is required for an EV battery. It 
should be noted that a cycled lithium electrode Is more prone to exptoskm than a fresh 
uncycled one. While this fact has been known for quire some tine. IBhlum polymer battery 
developers have shied away ftom pubGshing safefy test data on cycled oeUs. 

In spite of Its safety problems, there is a continued Merest in IBMum batteries because 
of their purportedly high power density. TWs feature makes rechargeable lithium batteries 
attractive. Theoretical energy densHies of most rechargeable lithium chemistries are two and 
a half to three times higher than that of Pb-Acid and Ni-Cd batteries. Indeed. BquM electrolyte 
rechargeable lithium batteries could be made to deliver up to 150 WWKg and 200 WWBter. 
This is about three times higher than the practicai gravimetric energy density delivered by the 
best Ni-Cd batteries and four times higher than the pradkal gravimetric energy density 
delivered by the best Pb-AcId batteries. However, the design of the Bihium polymer batteries, 
driven by the poor conductivity of the polymer electrolyte, is very volume Ineffidert. 
SpecTically. the separator occupies 30% of the stack volume, carbon is added to the positive 
electrode In concentration of up to 30% and the posBive electrode utilization is poor. Thus, the 
practical energy density is likely to be considerably tower than of what can be achieved with 
lk]uid electrolyte. Estimated deliverable energy density of lithium polymer batteries is 15-20% 
of the theoretical energy density. This translates to (using 485 WWKg as theoretfcal maximum) 
approximately 70 to 100 Whrt<g at best. Most Ikely. compromises that wPI have to be made 
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to inprove marmf acturabllity . safety and cycle life beyond the current laboratory state-oMhe-art 
technology. This will have the effect to reduce the practical energy den^ to even below tte 
values proposed above. The power capability of a battery depends upon the physical and 
chemical properties of the cell components as wen as the cell de^gn. Uthium polymer battery 
developers are trying to counteract the poor inherent conductl^ty of the polymer electrolytes 
by reducing the electrode and separator thickness. Because practical manufacturing raaOy is 
Ukely to impose increases in the electrolyte thickness from approximately 2 to 4 mil, the power 
deliverable by the cell is likely to drop by 30 to 50%. 

An area that requires ctoser attention is power degradation over life. The main 
degradation mechanism of the cell Involves Irreversible reactions between lithium and 
electrolyte. This reduces the conductivity of the electrolyte as well as irweases the impedance 
of the Lithium electrode due to the formation of passive films; both effects reduce the 
deliverable power from the battery. Because the cyde life of the lithium polymer battery is 
short, significant degradation in power Is IBcely to occur in less than 100 cycles. 

Other problems arise from real file usage and requirements placed upon t>attery 
systems. Traction t>att6ries are assemt>led from a string of Individual cells connected in series. 
During both charge and discharge, the same amount of cun^ent will pass through all the cells. 
In practteal manufacturing and usage, it is impossible to keep all cells at exactly the same state 
of charge. This forces a weak ceil in a battery to go into reverse during deep discharge and 
some cells to go into overcharge during full charge. For a battery to operate at deep discharge 
cycles, it is essential that individual cells tolerate reverse or overdiafge without damage or 
safety irrplications. 

Llttuum batteries are very poor in ttus respe^. Over discttarge will result in plating 
lithium on the posftive electrode which can result in a spontaneous chemk:at reaction with 
severe safety implications. Overcharge is likely to result in electrolyte degradation that can 
generate some volatile gasses as well as increase cell impedance. These problems are 
particulariy severe for lithium cells because: 1) degradation occurs during cycle life, therefore, 
even if initial capacities are matched very closely, it is unreasonable to expect that the 
degradation rate win be identical for all ceUs, 2) the cells tend to devetop soft or hard shorts, 
thereby making it impossible to maintain the cells at the same state of charge at all times, and 
3) cell capacity is dependent on temperature, therefore cells that are physically cooler due to 
their tocatbn wrill deliver less capacity than others. These condittons make the Kkel^d of cell 
reversal, relatively earty in the life of the battery, very high. Of course, cell reversal is likely to 
result in venting and or exptoston. 

It has been propose to install individual diode protectk)n for all cells which couki be an 
expensive, although practical, solution for a portable low watt-hour battery. The increased cost 
and reduced reliability associated with this solution makes this very undesirable for an EV 
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battery. Plus, the inherent lack ot overcharge and over discharge capability eliminates any 
possibility of ever developing a rechargeable lithiunH»lyiner batteiy of a bipolar design. 

An addftional problem wUh the commerdailzatton of LH)oljrmer batteries is their high 
cost. It is difficult to assess the cost, although clearly, processing cost per wall-hour should 
be much higher than that of traditional batteries. Raw material costs are clearly higher than 
Pb-Acid. although, it may be similar to NWJd. The cost of raw material will rise due to high 
purity requirements. There are convincing reasons to expect that iHhium polymer batteries. If 
ever made commercially, will be consUerabV more expensive than Nl-Cd batteries considering 
that: 1) primary Li-MnO, cells, which are in mass production, are stiU more expensive than Ni- 
Cd cells. 2) the purity requirements for a secondary ceU are much higher than that of a primary 
ceu. and 3) the electrode area per watt-hour of a lithium polymer secondary batteiy win be 
approximately an order of magnitude larger than that of a primary IHtoQ^ battery. 

Even more problematic than the cost factor is the low cycle life of the lithium polymer 
batteries, which is partteularty Important in EV applicalions. SmaB rechargeable Whium 
15 batteries enw>loying organic liquid electrolyte have defivered 100 to 400 cycles in laboratory 

tests. H is anticipated ttjat Khium polymer electrolyte batteries of the same size could be made 
to deliver a comparable nuir*er of cycles. However. aU the data published to date on yttiium 
polymer batteries was wn on ceils with a very large amount of excess lithium, therefore, no 
conclusion can be drawn at this stage. 

The cycle life of a large muW ceU battery Is likely to be considerably tower than tttat of 
a small two^eU battery. Additional reductton of the expected (yde life results from 
oonsMeration of the fact that the battery win be Imited by the weakest ceU. and as prevkaisly 
msnttoned, the BkeUhood of tenpeiattire or electrical imbalance Is Wgh. Further, power may 
degrade faster ttian capacity, so cyde life could become limited due to an unacceptable drop 
25 in power. Theietore. it Is probably a fair assumption that if a fuB size battery was bull at 

todays statfrof-the-art technotogy. it could posstoly make 100 cycles or so. which Is about an 
order of magnitude short of what is required for an EV. 

Therefore, since lithium-polymer batteries wfll be Inadequate to meet todays 
requirements for a universally acceptable, tttfn-fllm. soUd state rechargeable secondary battery 
3D system, other solid state systems need to be developed. The solid stete battery systems of 

the present inventton meet the requirements discussed hereinabove and provide gravimetric 
and volumetric energy densities of unparaneled pertonnance. 

Meia hydride negative electrode materials were originally classified as AB2 based 
material or AB5 (mischmetai) based materials. Modem metal hydride negative electrode 
35 materials are an multiphase multicomponent materials otten referred to as Ovonto materials. 

These materials are discussed in detaD in U.S. Patent Application No. 07/ 934.976 to Ovshinsky 
and Feteenko. ttie coments of wrtik* are incorporated by reference. 
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The first hydrogen storage alloys to be investigated as battery eftectiode materials were 
TiNi and LaNiS. Many years were spent in studying these simple binary intermetallics because 
they were known to have the proper hydrogen bond strength for use in electrochemical 
applicattons. Despite extensive efforts, howrever, researchers found these IntennrtaUics to be 
extremely unstable and of marginal electrochemical value due to a variety of problems such 
as slow discharge, oxidation, corrosion, poor idnetics, poor catalysis, and poor cycle life. The 
initial use of these simple alloys for battery appUcations reflect the traditional bias of battery 
developers toward the use of single element couples of crystalline materials such as NiCd, 
NaS. UMS. ZnBr. NiFe. NiZn, and Pb-acid, In order to improve the electrochemical properties 
of the binary intermetallics while maintaining the hydrogen storage efficiency, earty wort^ers 
began modifying TlNi and LaNI5 systems. 

The modification of TiNi and LaNiS was initiated by Stanford R. Ovshinslcy at Biergy 
Conversion Devices (ECD) of Troy, Michigan. Upon a detailed investigation. Ovshinsky and 
his team at ECD showed that reliance on simple, relatively pure compounds was a major 
shortcoming of the prior art. Prior woric had detemiined that catalytic action depends on 
surface reacltons at sites of irregularities in the crystal stmcture. Relatrvely pure compounds 
were found to have a relatively taw density of hydrogen storage sites, and the type of sites 
available occun-ed accidently and were not designed into the bum of the material. Thus, the 
efficiency of the storage of hydrogen and the subsequent release of hydrogen to form water 
was detemiined to be substantially less than that which would be possible if a greater number 
and variety of active sites were avaHable. By engineering a disordered nmterial having an 
ordered local environment, the entire buUc of the material can be provided wfth catalytically 
active hydrogen storage sites. Ovshinsky had previously found that the number of surface sites 
couki be increased by making an amorphous film that resembled the surface of the desired 
relatively pure materials. See, Principles and Applicattons of Amorphtolty, Stnjctural Change, 
and Optical Infonnation Encoding, 42 Journal De Physique at C4-1096 (October 1981). 

Thus, rather than searching for material modifications that would yield ordered materials 
hawng a maximum number of accidently occurring surface irregularities. Ovsttinsky and his 
team at ECD began oonstnicting "disordered" materials where the desired irregularities were 
synthetically engineered and tailor made. See, U.S. Patent No. 4,623,597, the disclosure of 
which is incorporated by reference. The term idisordered." as used herein conresponds to the 
meaning of the tenm as used in the literature, such as the foUowing: 

[Disordered material) can exist in several stnictural states. This stnictural 
factor constitutes a new variable with which the physk:al properties of the 
[materiaq ... can be controlled. Furthemrwre, structural disorder opens up the 
possibility of preparing in a n^tastable state new compositions and mixtures 
that far exceed the limits of thermodynamic equUibrium. Hence, we note the 
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following as a further disUngulshing feature. In many cfisordered Imateriabl 

it is possible to control the stnrt-range order parameter and theretiy achieve 

drastic changes in the physical properties of these materials* including forcing 

new coordlnaBon numt>ers for elements,... S. R. Ovshinslty. Tlie Shape of 

Disorder, 32 Journal of Non-Crystalfine Solids at 22 (1979). 

The -short-range order of disordered materials te explained further by Ovshlnsky in 

The Chemical Basis of AmorpWdty: Structure and Function, 26«-9 Rev. Roum. Phys. at 

893^03 (1981): 

[SJhort-range order is not consented .... Indeed, when crystalline symmetry is 
destroyed, It becomes Impossible to retain the same short-range order. The 
reason for this is that the short-range order is controlled by the force fields of 
the electron ortjitals. Therefore, the environment must be fundamentally 
different in corresponding crystalline and amorphous solids. In other words. 
It is the interaction of the local chentical bonds with their sunounding 
environment whlchdetemiines the electrical, chemical, and physical properties 
of the material, and these can never be the same In amorphous materials as 
they are in crystalline materials... The ortjilal relationships that can exist in 
three-dimensional space in amorphous but not crystalline materials are the 
basis for new geometries, many of which are inherently anil-crystalline In 
nature. Distortion of bonds and displacement of atoms can be an adequate 
reason to cause amoiphicBy in single cornponent materials. But to 
sufficiently understand the amorphidty. one must understand the 
threeKJimensional relationships inherent in the amorphous state, for It is they 
which generate internal topology incompatible with the translatlonal symmetry 
of the crystalline lattice .... What is important in the amorphous state is the 
fact that one can make an infinity of materials that do not have any crystalline 
counterparts, and that even the ones that do are similar primarily in chemical 
composition. The spatial and energetic relationships of these atoms can be 
entirely different in the amorphous and crystaHine fonms, even though their 
chemical elements can be the same.... 

Short-range, or tocal, order is elaborated on m U.S. Patent No. 4.S20.039 to Ovsttinslv. 
entitled Composltionally Varied Materials and Method for Synthesizing the Materials, the 
contents of which are incorporated by reference. This patent discusses how disordered 
materials do not require any periodic local order and how, by using Ovshinsk/s techniques, 
spatial and orientationai placement of similar or dissimilar atoms or groups of atoms is posstole 
with such increased precision and control of the local configurations that H is posstole to 
produce qualitatively new phenomena. In addition, this patent discusses that the atoms used 
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need not be restricted to -d band" or f band" atoms, but can be any atom In which the 
controlled aspects of the WeracUon with the local environment plays a slgnificanl role 
physically, electrically, or chemically so as to affect the physical properties arid hence the 
functions of the materials. These techniques result In means of syntfwslzing new materials 

5 which are disordered in several different senses simultaneously. 

By forming metal hydride altoys from such disordered materials, Ovshinsky and his 
team were able to greatly increase the reversible hydrogen storage characteristics required for 
efficient and economical battery applications, and produce batteries having high density energy 
storage, efficient reversibility, high electrical efficiency, bulk hydrogen storage without stnictural 

10 change or poisoning, long cycle life, and deep discharge capabflity. These materials are 

discussed in detail in U.S. Patent No. 4.623,597, the contents of which are incorporated by 
reference. 

The improved characteristics of these alloys result from tailoring the local chenucal 
order and hence the local stmctural order by the incorporation of selected modifier elements 

15 Into a host matrix. Disordered metal hydride aUoys have a substantially increased density of 

calalytically active sites and storage sites compared to conventional onjered materials. These 
additional sites are responsible for improved efficiency of electrochemical charging/discharging 
and an increase in electrical energy storage capacity. The nature and number of storage sites 
can even be designed independently of the catalytlcally active sites. More specifically, these 

ao disordered multi-component alloys are thennodynamically tailored to allow storage of hydrogen 

atoms at a wide range of modulated bonding strengths within the range of reversibUity suitable 
for use in secondary battery applications. 

Based on these principles of disordered materials, described above, a family of 
extremely efficient electrochemical hydrogen storage materials were fomiulated. These are the 

25 TI-V-Zr-NI type active materials such as disclosed in U.S. Patent No. 4.551 ,400. The materials 

of the *400 Patent are generally multiphase materials, which may contain, but are not limited 
to. one or more phases of Ti-V-Zr-Ni material with C14 and CIS type crystal stnjctures. Other 
Ti-V-Zr-Ni alloys may also be used for fabricating rechargeable hydrogen storage negative 
electrodes. One such fantily of materials are those described in U.S. Patent IMo. 4,728386 

3D ("the '586 Patent") to Venkatesan, Reichman, and Fetcenko for Enhanced Charge Retention 

Electrochemical Hydrogen Storage Alloys and an Enhanced Charge Retention Electrochemical 
Cell, the disdosur© of which is incorporated by reference. The '586 Patent descrtties a 
specific sub^ass of these Ti-V-Ni-Zr alloys comprising Ti, V. Zr. Ni. and a fifth component. Cr. 
The 586 patent, mentions the possibility of additives and modifiers beyond the Ti. V, Zr. Ni, 

35 and Cr components of the alloys, and generally discusses specific additives and modifiers, the 

amounts and interactions of these modifiers, and the particular benefits that could be expected 
from them. 
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The V-Ti-Zr-Ni family of alloys described in the 'SB6 Patent has an inherently higher 
discharge rate capability than previousty described alloys. Hiis is the result of sub^antially 
higher surface areas at the metaVelectrotyte Interface for electrodes made from Vhe V-T>-Zr-Ni 
materials. The surface roughr^ss factor (total surface area divided by geometric surface area) 
of the V-ThZr-Ni Is about 10,000. This value indicates a very high surface area. The validity 
of this value is supported by the inherently high rate capability of these materials. 

The characteristic surface roughness of the metal electrolyte interface is a result of the 
disordered nature of the material. Since all of the constituent elements, as well as many alloys 
and phases of them, are present throughout the metal, they are also represented at the 
surfaces and at cracks which fomi in the metal^electrolyte interface. Thus, the characteristic 
surface roughness Is descriptive of the interactton of the physical and chemical properties of 
the host metals as wel as of the alloys and ciystalographic phases of the alloys, in an alkaline 
environment. The mk:rosooplc chemical, phystoal, and crystaltographic parameters of the 
indlvkJual phases within the hydrogen storage aUoy material are believed to be important In 
determining its macroscopic electrochemical characteristics. 

In additton to the physk^al nature of its roughened surface, has been observed that 
V-TnZr-Ni aitoys tend to reach a steady ^ate surface conditbn and particle size. This steady 
state surface conditk>n is characterized by a relatively high concentration of metallc nickel. 
These obsen^ations are consistent with a relatively high rate of removal through preciplation 
of the oxkies of titanium and zirconium from the surface and a much tower rate of nUkel 
solubilization. The resultant surface seems to have a higher concentratton of ntokel than would 
be expected from the bulk composttion of the negative hydrogen storage electrode. Nidcel In 
the metallic state is etectrically conductive and catalytic, imparting these properties to the 
surface. As a result, the surface of the negative hydrogen storage electrode is more catalytic 
and conductive than if the surface contained a higher concentration of insulating oxMes. 

The surface of the negative electrode, which has a conductive and catalytic component 
- the metallic nickel - appears to interact with chromium alloys in catalyzing various hydride 
and dehydride reaction steps. To a large extent, many electrcMle processes, including 
competing electrode processes, are controlled by the presence of chromkim in the tiydrogen 
storage altoy material, as disclosed In the '586 Patent. 

Simply stated. In the AB5 altoys, Eke the V-Ti-Zr-Ni aloys, as the degree of 
modificatton increases, the role of the initially ordered base alloy is of minor importance 
compared to the properties and disorder attributable to the particular modifiers. In ackfrtton, 
analysis of the current multiple component AB5 altoys indicates that cunrent AB5 alloy 
systems are modified foltowing the guidelines established for V-Ti-Zr-Ni based systems. Thus, 
highly modified AB5 alloys are identical to V-Tl-Zr-Ni based alloys in that both are disordered 
materials that are characterized t>y multiple-components and multiple phases and there no 
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longer exists any significant distinction between muttioomponent, multiphase V-ThZr4sii based 
altoys and AB5 aOoys. 

In rechargeable akaline cells using a nickel hydroxide positive electrode, the nickel 
hydroxkJe changes back and forth between Ni(0H)2 and NiOOH as the cell is charged and 
discharged. Bode.etal., described the relattonship between the different structural phases that 
occur in such an electrode as presented in 11 Electrochem. Acta 1079 (1966). These 
structures represent plates of crystallized nickel hydroxide positive electrode material held in 
position by a variety of ionic species. In unmodified nickel h^roxide electrode materials cycling 
occurs from the beta-(ll)phase and the beta-(lil) phase stnictures because they are the most 
stable. During such cycling one electron IS transferred. The theoretical specffU; capacity of the 
nickel hydroxide active material based on this reactton is 289 mAh/g. 

In comrast to beta phase cycling, a(pha-gamma phase cycling appears to involve the 
transfer of at least i£ electrons. (See. tor example, Oliva et al., 8 J. Power Sources 229 
(1982)}. Multiple electron transfer materials having increased cell capacity are described in 
detail in U.S. Patent Applicatton No. 08/027.973 (the contents of whtoh are hcorporated by 
reference). These materials exhbit a 1.7 electron oxidatton with a nickel valence of 3.67 
according to equatton. 

SUMMARY OF THE INVENTION 

The present appteation is a solkJ state battery comprising a substrate; at least one 
muttllayered electrochemicat ceD deposited onto the substrate, each layer of the mulUlayered 
electrocheinical cell comprising: a layer of negative electrode material capable of 
electrochemically adsorbing and desorbing ions during charge and discharge: a layer of positive 
electrode material capable of electrochemically desoiting and adsort>lng tons during charge 
and discharge; and a layer of insulating/conducting material disposed between the layer of 
positive electrode material and the layer of negative electrode material, where the layer of 
insulating/conducting material is electrically insulating and capable of readily conducting or 
transporting ions from the layer positive electrode material to the layer of negative electrode 
material while the battery is charging and from the layer of negative electrode material to the 
layer of positive electrode material while the battery is discharging; and an electrically 
conductive layer deposited a top the last of the at least one multilayered electrochemical cells, 
the electrically conductive layer providing one battery temtinal. 

In a preferred embodiment, the positive electrode layer includes at least nickel 
tiydroxkie and the negative electrode material includes at least a metal hydride, which may be 
a disordered, multiphase, multlcomponent metal hydride material. The solid state proton 
conducting material includes at least a hydrogenated electrical Insulator material, which may 
be a hydrogenated silicon nitride material. The hydrogenated silicon nitride material preferably 
has an atomic ratto of between 20 and 50 atomic percent hydrogen, between 20 and 40 atomic 
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percent sUioon and between 20 and 50 atomic percent nitrogen. Preferably the substrate 
materia! is fanned from an electrically conductive material and acts as one of the electrical 
tennlnal of the battery. However, the substrate material may be eledricaly insulating with an 
electrically conductive material deposited on it. The deposited electrically conductive material 
acts as the one of the battery tenninals. When the battery includes more than one multi- 
iayered cell, current collector material layers are deposited between the positive electrode of 
one cell and the negative electrode of the adjacent cell. Typically, the electrically conductive 
battery terminals and the current collector material layers are formed from non-reactive metals 
such as nicicel. 

A second embodiment of the present invention Iricludes a solid state electrolyte. The 
solid state electrolyte is electrically non-conductive widle at the same time being readily 
conductive to protons. The solid state electrolyte preferably is a hydrogenated electrically 
insulating material, such as a hydrogenated silicon nitride material. The hydrogenated sHcon 
nitride solid state eiedrolyte of the present invention preferably Includes^ by atomic percentage 
between 20 and 50 percent hydrogen, between 20 and 40 percent siiioon, and t>etween 20 and 
50 percent nitrogen. 

BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 is a cross-sectional depiction of a first embocfiment of the solid state battery 
of the instant invention specificaliy illustrating the individuai layers thereof; 

Figure 2 is a cross-sectional depictton of a second embodiment of the solid state 
battery of the instant invention specifically Illustrating the individual layers thereof, including 
(riural electrochemical cells and current collectors therebetween. 

DETAILED DESCRIPTION OF THE IIWENnON 

Figure 1 1s a cross-sectional depiction of a thin-film soGd state battery of the present 
invention. Specifically, reference numeral 1 is tlie sut>strate of the thin-film battery. The 
substrate provides support for the t}attery and may also sen^e as the bottom electrical tormina) 
of the battery. Substrate 1 may be fomned frem an electrically conductive metal such as 
aluminum, nid^el. copper or stainleess steal, or m£^ be lonrnd frem a ight weight, electrically 
insulating polymer or ceramic material, if the substrate 1 is formed of an electrically Insulating 
material, then an electrically conductive bottom battery terminal layer 2 is deposited onto the 
substrate. The material used to fomn the battery temninal layer 2 may be an electrically 
conductive metal such as aluminum, nidcei or copper, or nay even be an electrically conductive 
ceramic or oxide material For maximum weight savings, the sut>strate 1 plus any battery 
terminal layer 2 should be only as thi^ as needed to periorm their support and conduction 
functions. Any additional thicitness will only increase the "dead weighr of the battery. 
Typically the total thickness of the substrate 1 plus the battery tennlnal layer 2 will not be 
greater than about 200 mlcrens and preferably not greater than about 50 to 100 microns. The 
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battery terminal layer 2 is preferably between 1 and 5 microns thick. Deposited on top of the 
substrate 1 and battery terminal layer 2 is at least one mutti-layered electrochemical cell. Each 
eleclrochemical cell Includes a thin-film negative electrode layer 3, a thin-film posffive electrode 
layer 5 and a thin-film soUd electrolyte proton conductive layer 4. 

The thin-film negative electrode layer 3 is typically between about 1 and 15 microns 
thick and is fomied from a material which elecirochemically adsorbs and desorbs ions such as 
ionic hydrogen during charging and discharging thereof, respectively. Typically the layer is 
formed from electrochemical hydrogen storage materials such as metal hydride materials. 
These metal hydride material may be any of those already known any used in Uquid electrolyte 
nickel-metal hydride batteries. These materials may be AB^ or AB5 type metal hydride 
materials. They may be amorphous, polycrystattine. mtorocrystalline. nanocrystalline. single 
crystal or muW-stajcluial materials. They may include only a single compositional phase or 
may Include multiple composittonal phases. An extensive review of the known metal hydride 
materials useful in electrochemical cells is given In U.S. Patent No. 5,096,667, the disctosure 
of which is incorporated herein by reference. 

In addition to the known metal hydride materials, new metal hydride systems can be 
developed to take advantage of the environmental differences between an alkaline Uquid 
electrolyte system and the new thin-film solid electrolyte systems. For example, in a liquid 
electrolyte system, there is generally a problem with corrosion of the electrode due to the 
caustic nature of the alkaline electrolyte. Therefore, elements wWch provkJe conroslon 
resistance must be added to the negative electrode material to mitigate conoston damage. In 
the solid electrolyte system of the present invention, no such corrosion problems will occur due 
to the absence of caustic lk)uids and as such, no corrosion inhibitor materials will need to be 
added to the negative electrode. 

Alternatively, for lithium ion systems, the negative electrode layer can be fonmed from 
a material such as lithium nickelate (UNIOJ, lithium cobaltate or (UC0O4) lithium manganate 
(UMnOJ. 

The positive electrode layer 5 is typically between 5 and 20 microns thick and is fonned 
from a material whtoh electrochemically desorbs and adsorbs tons such as ionic hydrogen 
during charging and discharging thereof, respectively. Typically the layer Is formed trom a 
transition metal hydroxide such as nickel hydroxide materiaL The nickel hydroxide material can 
be any of those material known in the prior art for use in rechargeable battery systems. They 
may also be advanced active materials like the locally ordered, disonjered, high capaaty. long 
cyde Ite positive electrode material disclosed in U.S. Patent ApplicaUon Serial No.s 7/975,031 
filed November 12, 1992 and 8/027.973 filed fi^arch 8. 1993. the disclosures of which are 
incorporated herein by reference. These materials include a solid solutton nk:kel hydroxide 
electrode material having a multiphase strocture and at least one compositional modifier to 
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promote said multiphase structure. The multiphase structure conprises at least one 
polycrystainne rphase Including a polycrystaBne rphase unit cell eompiisino 
spacediy disposed plates with at least one Ion incorporated around the plates, 
the plates having a range ol stable Wersheet distances conespondlng to a r 
oxidation state and a SS'-or greater, oxidation state. The compositional modiner is a metal, 
a metallic oxkte. a metalUc oxide alloy, a metal hydride, and/or a metal hydride alloy. 
Prelerably the oomposlional modifier is dwsen from the group consistlno ol Al, Bl. Co. Cr, Cu, 
Fe. In. LaH,. Mn. Ru. Sb. Sn, TlHj. TIO. Zn and mixtures thereof. More preferably, at least 
three of these con^ositional modifiers are used. The at least one chemical modifier 
irwrporated Is preferably chosen from the group consisting of Al, Ba, Ca. Co, Cr. Cu, F. Fe. 
K. U, Mg, Mn, Na, Sr. and Zn. 

Also, in the case of ifthium systems, lithium Intercalated carbon can be used as the 

positive electrode layer 5. 

Betwreen the negative electrode layer 3 and the positive electrode layer 5. Is deposited 
a thiri^Bm solid state electrolyte layer 4. TWs layer Is typically between about 05 and 2 
micrens thick, but may be as thin as 1000 Angstroms if the layer onto which it is deposited has 
a low degree of surface roughness. The type of ionic condudivSiy required of the solid 
electrolyte is dependent on the electrochemical reactions irwolved in the celL Since the 
charging cyde electrode reactions of the instant rechargeable protonio battery are: 

M + H* e- -CHARQ& MH : and 

Ni(OH)a -CHARGE> NiOOH + H* + e*. 
the solid state electrolyte Uver 4 which separates the positive electrode layer 5 and the 
negative electrode layer 3 must be a proton conductor. That Is. the solid electrolyte material 
must be capable of readily conducting or transporting protons from the positive electrode layer 
5 to the negative electrode layer 3 while the battery is charging and from the negative electrode 
layer 3 to the positive electrode layer 5 while the battery is discharging. The solid electrolyte 
layer 4 must also be electrically insulating so ttiat the battery electrodes do not short. That is. 
ttte electrolyte also acts as the elechode separator. The present inventors have found that a 
hydrogenated electrical Insulator has aU of the characteristics required. Typically this Is a 
hydrogenated silicon miride material, but hydrogenated silicon oxide or hydrogenated silicon 
oxynHride may also be used. Preferably the hydrogenated sllcon nitride material has a 
composition. In atomic percent, of between about 20% and about 50% Hydrogen, between 
about 20% and about 40% silicon and about 20% to about 50 %. The ration of silicon to 
nitrogen is generally between about 2:1 and about 1 :2. but may be varied outside this range 
U specifically advantageous under the circumstances. 

AliemaUvely. for the liUiium systems, the charging electrode reactions are: 
C + Lr + e" -CHARGE> UC ; and 
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UNOa -CHARGE> NiOj + U* + e', 
therefore. In the UtTvum systems, a lithium conductor is needed. Solid lithium conductors useful 
as the ionic conductor layer 4 are lilhiated silicon nitride (L^SiNJ, Gthium phosphate (UPOJ, 
lithium titanium phosgfiate (UTIPOJ and tthium phosphonitride (LiPO^N. where 0<x<1). 

A top battery temUnal layer 6 is deposited on top of the positive electrode layer 5. The 
l)attery tenninal layer 6 is typically t)etween i and 5 microns twck and is fornied from an 
electrically conductive material such as a metal or an electrically conductive ceramic or oxide. 
Specifically, aluminum, copper or nickel may be used. 

Turning now to Figure 2 there is depicted therein a solid state battery of the instant 
invention containing multiple stacked electrochemical cells. The reference numeral of the 
layers of this battery correspond to those of the battery depk:ted in Figure 1. Additionally, 
becaiise this battery Includes more than one electrochemical cell, a layer of current collecting 
material 7 is deposited between positive etectrode layer 5 or one cell and the negative 
electrode layer 3 of the adjacent cell. This layer Is f onned of an electrically conductive material 
and is typically between 1000 angstroms and 0.5 microns thick. Preferably this layer is fomfied 
from a metal such as aluminum, copper or nickel and is resistant to the conductton of protons. 

EXAMPLE 1 

A one square meter multiple cell thtn-fUm solid state battery of the type depicted in 
Figure 2 having 10 ceUs wUI sen/e as an example of the efficacy of the present des^n. Each 
ceil contains a positive electrode layer 5 which Is fomned from oonventkmal nickel hydroxUe 
and is about 10 microns thick. Each ceil also contains a negative electrode layer 3 of metal 
hydride material and is about 4 microns thick. Finaiiy each cell contains a solid state electrolyte 
layer 4 fonned from hydrogenated siikx>n nitride material and is about 2 microns thick. 
Between the cells are current collector layers 7 whk:h are formed of aluminum and are about 
0.5 microns thick. The ceUs are deposited onto an aluminum substrate 1 which also serves 
as the bottom battery tenninal 2. The substrate 1 is about 100 microns thick. On lop of the 
positive electrode layer 5 of the final cell is deposited a top battery tenninal layer 6 whteh is 
fonned of aluminum and is about 5 microns thick. 

This battery would have a Specific Capacity calculated as follows: 

1) Basis 1 rh', 1 e' transfen 10 positive electrode layers fonned from NiCOH), 

2) Density of Ni(0H)2 » 3.95 glen? 

3) Total vohmie of 10 Ni(0H)2 layers « 10*(1mnimr(10 x lO"^) « 1 X 10"* m^ 
onoocm^ 

4) Total weigh! of 10 NiCOH)^ layers • {3.95 g/cnf )*(10D cnf) » 395 g Ni(0H)2 

5) Charge capacity of Ni(0H)8 « 289 mAh/g 

6) Total capacity of 10 NKOH), layers = (289 mAh/gr(395 g) = 114115 mAh = 
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7) Charge capacity Of metal hydride material -400 mAh/g 

8) Weight of metal hydride needed to equal 114.1 Ah - (114.1 ahr(1g/.400 Ah) 
«2B5g 

9) Volume of sutKtiale - (1m)'(1m)*(lOO X 10-*m) - 1 X IffW . 100 cni* 

10) WelgW of substrate -(2.7 g/cm»)*(ioocirf)- 270 g 

11) Total volume of 10 hydrogenated sOioon nitride layers - I0*(1m)*(lm)*(2 X 10" 
•) - 2 X 10*m' = 20 crtt* 

12) Total weight of 10 hydrogenated siBcon nitride layers - (1 .7 g/cm»)*(20 cm^ 
-34g 

13) Total volume of 9 current collector layers = 9*(im)*(im)*(05 X 10*m) » 45 
X lO-W = 45 crrP 

14) Total weight of 9 current ooUecior li^rs « (2.7 g/cnf)*(45 cni*) - 1 2.1 5 g 

15) Volume of top l>attery tennlnal - (im)»(1m)*(5 X 10*m) • 6 X lOW - 5 cm* 

16) WeW* of top battery terminal - (2.7 g/cn^)*(5 cm*) - 1 35 g 

17) Total battery weight - (395 g)+(285 g)+(270 g)+(34 g)4{12.15 g)+(135 g) - 
1009.65 g- 1.01 Kg 

18) Specific capacity is (114.155 Ah)/(1.00965 Kg) - 113.1 Ah/Kg 

19) Energy density is (1 .4 V)*(l 13.1 Atm) - 158^ WhrtCg 

20) Volume of battery » (lm)*(lm)*(250 X 10%) = 25 X IffW - 0.25 1 

21) Volumetric energy density is (114.155 Ah)*(l.4 V)/(0.25 Q - 639.3 WM 

EXAMPLE 2 

Another exanvie of the solid state battery having the same stnicture and dimensions 
as that in Exanple 1 . but using advanced nickel hydroxide active materials and assuming about 
1.7 electron transfer give a specific capacity as calculated below. 



1) 


Basis 1 nf, 1.7 e" transfer; 10 positive electrode layers fomned from advanced 




tMi(0H)2 material 


2) 


Density of Ni(0H)2 « 3S5 g/crn* 


3) 


Total volume of 10 mOHh layers - I0*(lm)*(lm)*(l0 x 10%) - 1 X 10^ m* 




orlOOenP 


4) 


Total weight ot 10 Ni(0H)2 layers = (3.95 g/cm')*(100 cm^ - 395 g Ni(OH)2 


5) 


Charge capacity of NI(0H}2 - 483 mAh/g 


6) 


Total capacity of 10 NKOH)^ layers - (483 mAh/g)*(395 g) - 190785 mAh = 




1905 Ah 


7) 


Charge capacity of metal hydride material = 400 mAh/g 


8) 


Weight of metal hydride needed to equal 1905 Ah « (1905 ah)*{ig/.400 Ah) 



»477g 
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9) Volume of substrate - (im)'(lmr(IOO X 10*^) - 1 X 1(rW » 100 cm* 

10) Weight of substrate « (2.7 g/ciT^)*(100 cirP) - 270 g 

11) Total volume of 10 hydrogenated sBicon rutride layers - 10*(1m)^1m)*(2 X 10' 
«)e2xiaW = 20cin* 

12) Total weigM of 10 hydrogenated silicon nitride layers « (1.7 g/bnri^*(20 cmP) 
-34g 

13) Total volume of 9 current coUector layers - 9*(1m)*(1m)'(0-5 X 10"^) « 45 

X 10"*m^ « 4.5 cnf 

14) Total weight of 9 current collector layers - (2.7 g/cnf)*(4.5 cm^ • 1 2.15 g 

15) Volume of top battery terminal = (i m)*{l m)*(5 X 1 0^^) - 5 X lOW - 5 cnf 

16) Weight of top battery tenninal - (2.7 g/cm^*(5 cnf) = 135 g 

17) Total battery weight « (395 g)+(477 g)+(270 o)+(34 g)+(12.15 o)+(135 g) = 
1201.65 g» 1.20165 Kg 

18) Specific capacity is (190.785 Ah)/(1 .20165 Kg) ^ 158.8 Ah/Kg 

19) Gravimetric energy density is (1 .4 V)*(158.8 Ah/Kg) » 222^ WMCg 

20) Volume of battery = (1m)*(1m)*(250 X lO-^m) « 2.5 X lO^m^ « 0.25 I 

21) Volumetric energy density is (190.785 Ah)*(1.4 V)/(0.25 1) - 1068.4 Whrt 

EXAMPLES 

Next, a battery similar to that disclosed in Example 1 except that the protonic system 
was substituted by a lithium system is presented. Each of the 10 ceBs contains a positive 
electrode layer 5 which is formed from Gthium ruckelate (UNiOz) and is about 1 0 microns thick. 
Each oeD also contains a negative electrode layer 3 of carbon material and is about 4 nUcrons 
thick. Finally each cell contains a solkl state electrolyte layer 4 formed from lithtated silicon 
nitride material and is about 2 microns thick. Between the cells are current collector layers 7 
which are formed ot aluminum and are about 0.5 microns thick. The cells are deposited onto 
an aluminum substrate 1 which also serves as the bottom battery terminal 2. The substrate 
1 is about 100 microns thick. On top of the positive electrode layer 5 of the final ceO is 
deposited a top battery terminal layer 6 which is lonned of aluminum and is about 5 microns 
thick. 

This battery would have a Specific Capacity calculated as follows: 

1) Basis 1 m^, 1 e' transfer. 10 positive electrode layers formed from UNiO; 

2) Density of UNiQg «= 4.78 gfar? 

3) Total volume of 10 UNipg layers « 10*(1m)*(1m)*(10 x lO^^i) - 1 X 10-* m^ 
or 100 cm* 

4) Total weight of 10 LiNiOg layers « (4.78 g/cm^*(100 at?) « 478 g UNIQ, 

5) Charge capacity of LINiO^ « 275 mAh/g 

6) Total capacity of 10 LiNiOa layers = (275 mAh/g)*(478 g) « 1314S0 mAh = 
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7) 
8) 



1315 Ah 

Charge capacity of carbon intercalation material s 370 mMg 

Weight of carbon needed to equal 131S Ah - (131^ Ah)*(1g/.37 Ah) - 355^ 



9 



9) Volume of substrate » (1m)*(1m)*(100 X 10^) - 1 X 10^ - 100 on? 

10) Weight of substrate - (2.7 g/cfn*)*(100 eirP) • 270 g 

11) Total volume of 10 iithiated silicon nitride layers - 10*(im)*(lm)*(2 X 10*) • 
2 X I0%i* « 20 ctri* 

12) Total weight of 10 Iithiated silicon nitride layers - (1 .7 o/cm^*(20 cm?) - 34 g 

13) Total volume of 9 cunrent coUector layers - 9*(lm)*(lm)*(05 X lO^n) ■ 45 
X 10^' = 45 cm* 

14) Total weight of 9 current collector layers > (2.7 g/cnnP)*(45 cnf) » 12.15 g 

15) Volume of top battery temiinal » (lm)*(1m)*(5 X 10*m) • 5 X lO^W • 5 cm* 

16) Weight of top battery terminai • (2.7 g/cmP)*(5 cm*) • 135 g 

17) Total battery weight - (478 g)+(355.3 g)4(270 g)+(34 g)+(12.15 g)+(l35 - 
1162.95 g- 1.16 Kg 

18) Specific capacity is (131.450 Ah)/{1.16 Kg) - 113.0 AWKg 

19) Energy density is (3.8 V)*(1 1 3.0 Ahrt<g) - 429.5 Wh/Kg 

20) Volume of battery - (1 m)*(1 m)*(250 X 1 0"^) - 2.5 X 1 0'^iir' - 0.25 i 

21 ) Volumetric energy density is (131 .450 Ah)*(3.8 V)/(0.25 i) - 1998.04 WWI 
Therefore, it can clearly be seen that the solid state batteries of the present invention 

show tremmdous promise for oommetdal, industrial and consumer uses. Particularly. wAh 
regard to the ^avimetric and volumetric energy densities shown above, application of these 
batteries to electric vehicle would be highly advantageous. 

It is to be understood that the disclosure set forth herein is presented in the form of 
detailed eniwdiments described for the purpose of malting a full and complete disclosure of 
ttie present Invention, and that such details are not to be interpreted as limiting the tme scope 
of this invention as set forth and defined m the appended claims. 
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Wedaim: 

1. A solid state battery comprising: 
a substrate; 

al least one multilayered etectrochennical oefl deposited onto said 
5 substrate, each layer of said muitilayered electiochemical oeQ comprising: 

a layer of negative electrode material cafsable of electrochemically 
adsoibing and desort>ing Ions during charge and discharge; 

a layer of positive electrode material capable of electrochemically 
desoitirrg and adsort>ing ions during charge and discharge; and 
a layer of insulating/conducting material disposed between said layer of positive 
electrode material aruJ said layer of negative electiode material, where said layer of 
insulating/conducting material is electrically Insulating and capable of readily conducting or 
transporting ions from said layer positive electrode material to said layer of negaXwe electrode 
material while said battery Is charging and from said layer of negative electrode material to said 
15 layer of positive electrode material while said battery is discharging; and 

an electrically conductive layer deposited a top the last of said at least one multilayered 
electrochemical ceOs, said electrically conductive layer providing one battery terminal. 

2. The solid state battery of claim 1, wherein said layer of negative electrode 
material and said layer of positive electrode material are capable of electrochemically desorbing 

20 and adsorbing protons during charge and discharge; and said layer of insulating/conducting 

material conducts or transports protons between said layer of positive electrode material and 
said layer of negative electrode material. 

3. The solid state battery of dalm 1. wherein said layer of negative electrode 
material, said layer of positive electrode material, and said layer of insulating/conducting 

25 material are all thin film materials, 

4. The solid state battery of daim 2, vi^rein said layer of negative electrode 
material, said layer of positive electrode material, and said layer of insulating/conducUng 
material are all thin film materials. 

5. The solid state battery of claim 3, wherein said layer of positive electrode 
30 material oorrv>rises a material chosen from the group consisting of a transition metal hydroxide 

and UNiOs. UCoOs. and LIMnO^. 

6. The solid state battery of claim 4. wherein said layer of positive electrode 
material includes at least a transition metal hydroxide. 

7. The solid state battery of daim 5. wherein said transition metal hydroxide is a 
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nickel hydroxide material which provides i^proximately one electron transfer. 

8. The soBd stale battery of daim 6, wherein s^ transition metal hydroxide is a 
nickel hydroxide material which provides approxlmalely one electron transfer. 

9. The soOd state t^ery of daim 5. wherein said tMM hydroxide material 
provides approximately 1.7 election transfer. 

10. The solid state t)attery of daim 6. wherein saU nldcel hydroxide material 
provides approximately 1.7 electron transfer 

11. The sdid state t>attery of daim 3, wherein said layer of negative eledrode 
material includes hydrogen-Qhlum storage compounds. 

12. The sdid state battery of daim 3, wherein said layer of negative electrode 
material is chosen from the group consisting of a metal hydride material and a carbon material 
that intercalates lllhiura 

13. The sdid state battery of daim 12, wherein said layer of negative electrode 
material includes a metal hydride material. 

14. The sdid state t)attery of daim 12, wherein said layer of negative eledrode 
material is disordered. 

15. The solid state battery of daim 1, wherein said layer of negative electrode 
material is disordered. 

16. The solid state battery of daim 1, wherein said layer of negative electrode 
material is a single (^ase or multiphase polycrystalline material. 

17. The sou state battery of daim 16, wherebft ssdd layer of negative electrode 
material is a mult^diase polycrystalline material. 

18. The solid state battery of claim 1 , wherein said layer of insulaUng/conducling 
material includes is a lithiated electrically insulating material. 

19. The solid state battery of daim 2. wherein said insul^ing/conducUng material 
includes a hydrogenated eledricaily insulating material. 

20. The solid state battery of daim 2, wherein said insulating/conduding material 
includes a hydrogenated silicon nitride material. 

21. The solid state battery of daim 2, wherdn said insulating/oonducting material 
is a hydrogenated silicon nitride film comprising: 20 to 50 atomic % hydrogen, 20 to 40 atomic 
% silicon, and 20 to 50 atomic % nitrogen. 

22. The soDd sUde battery of daim 3, wherein said substrate is eiectricaily 
conductive and acts as a second eledrical tenrunal of said t)attery. 

23. The solid state battery of claim 4. wherein said substrate is electrically 
conductive and acts as a second eledrical terminal of said battery. 

24. The solid state battery of daim 3, wherein 
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said substrate is electrically insulative and 

an electrically conductive material layer is deposited onto said substrate, said 
electrically conducive material layer acting as a second battery terminal. 

25. The solid state battery of daim 4, wtierein 
said substrate material is electrically insulative and 

an electricaUy conductive material layer is deposited onto said substrate, said 
electrically conductive material layer acting as a ^cond battery terminal. 

26. The soUd state battery of claim 1 , comprising: 
more than one of said muttilayered electrochemical ceils and 

further comprises: 

current collector material layers deposited between said layer of positive electrode 
material of one multilayered electrochemical ceH and said layer of negative electnxle material 
of an adjacent multilayered electrochemical cell. 

27. The soUd state battery of claim 2, comprising: 
more than one of said muttilayered electmchemical cells and 

further comprises: 

current collector material layers deposited between said layer of positive electrode 
material of one multilayered electrochemical cell and said layer of negative electrode material 
of an adjacent multilayered electrochemical cell. 

28. The solid state battery of claim 24, wherein said electrically conductive material 
layer includes nickel. 

29. The solid state battery of claim 25, wherein said electrically conductive material 
includes nickeL 

30. A solid electrolyte, said solid electrolyte characterized by being electrically non- 
conductive while at the same time being readily conductive to protons. 

31. The solid electrolyte of claim 30. wherein said electrolyte is formed from a 
hydrogenated electrically insulative material. 

32. The solid electrolyte of daim 31. virherein said hydrogenated electrically 
insulative material is a hydrogenated silicon rAride material. 

33. The solid electrolyte of claim 32. wherein said hydrogenated silicon nitride 
material includes, by atomic percentage, between 20% and 50% hydrogen, behiveen 20% and 
40% silicon and between 20% and 50% nitrogen. 

34. The sofid state battery of claim 1 . wherein 

said negative electrode material comprises at least one component chosen 
from the group consisting of a metal hydride and carbon material that intercalates lithium: 

said positive electrode material comprises at least one component chosen from 
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the group consisting of UNiOj, UCoOj. and LiMnO,; and 

said insulating/conducting material comprises at least one component chosen 
from the group consisting of UPO4. LmO«. UPO^ where x - 0 to 1 . and 
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